Introduction {#s1}
============

Interaction between microbes in multicellular communities contributes to the development of complex microbial ecosystems. The secretion of various substances such as extracellular toxic compounds for combatting predation, extracellular DNA for horizontal gene transfer (HGT) and quorum-sensing (QS) signals for cell density-dependent cooperation, greatly influences microbial interactions (Hibbing et al., [@B14]; Tashiro et al., [@B36]). Study of the diffusion of substances secreted from donor cells to the extracellular environment and their uptake by recipient cells offers valuable insights for understanding microbial interactions.

The existence of membrane vesicles (MVs) increases the complexity involved in the diffusion of secreted substances during microbial interactions. MVs are extracellular particle-like liposome structures ranging from 20 to 200 nm in diameter (Figure [1A](#F1){ref-type="fig"}) and are pinched off from the external membrane of the microbe. The phenomenon of MV secretion has been observed in Gram-negative bacteria; however, recent studies have indicated that MVs are also produced by other prokaryotes including Gram-positive bacteria and archaea (Beveridge, [@B3]; Tashiro et al., [@B33], [@B35]; Haurat et al., [@B13]). MVs encapsulate membranal, periplasmic, and cytoplasmic components and play a role in the transfer of several compounds to organisms including both prokaryotic and eukaryotic cells. MVs contain proteins, DNA, RNA and in some cases, quorum sensing signals, and these substances are transferred to cells. Compared with freely-diffused chemical compounds secreted from bacteria, MVs have the following unique characteristics: (1) several chemical substances are highly concentrated in MVs, (2) interior substances in MVs are protected against environmental stresses, and (3) MVs play a role in effectively delivering these substances to cells. In this opinion article, we highlight the characteristics of MVs stated above and discuss the possibility of MV-mediated selective delivery to target cells (Figure [1B](#F1){ref-type="fig"}).

![**(A)** The conceptual structure of membrane vesicles (MVs) derived from Gram-negative bacteria. MVs are composed of phospholipids, membrane proteins and lipopolysaccharides. In addition, various kinds of substances including DNA, exoproteins and quorum-sensing signals are contained in or are associated with MVs. **(B)** The pattern diagram of MV-mediated (red dashed arrows) and MV-independent (blue dashed arrows) cell-to-cell communications. While signals can be transmitted to bacterial cells non-specifically, MVs maintain the stability of MV-associated signals through protection from environmental stresses and may selectively deliver signals to target cells. **(C,D)** Representative interaction of MVs with microbial cells, including DNA transfer **(C)** and microbial lysis **(D)**.](fmicb-06-00633-g0001){#F1}

Highly concentrated substances in MVs
=====================================

The significant characteristic of MVs is their ability to encapsulate specific substances. Interior substances are maintained at high concentration and are protected from degradation by exterior stresses and enzymes. In the case of *Pseudomonas aeruginosa*, which is not only known as an opportunistic pathogen but also known to inhabit a variety of environments, a total of 68% of phospholipase C and 50% of alkaline phosphatase in the supernatant are localized in MVs along with the highly concentrated murein hydrolase (Kadurugamuwa and Beveridge, [@B17], [@B18]). The encapsulation of toxic proteins provides an effective means for toxic transfer to not only eukaryotic cells but also other bacteria to counteract predation in the environment (Li et al., [@B23]; Evans et al., [@B9]). Furthermore, 86% of the *Pseudomonas* quinolone signal, which is one of the QS signals of *P. aeruginosa*, is localized in MVs, although smaller percentages (\<1%) of other QS signals, including acyl-homoserine lactones, are localized in MVs (Mashburn and Whiteley, [@B25]). Such a highly concentrated QS signal is likely to effectively facilitate rapid alteration of gene expression in recipient cells. DNA is also highly concentrated in MVs, and MV-associated DNA is protected against extracellular DNase (Renelli et al., [@B30]). Several studies indicated that encapsulation of DNA contributes to HGT (Kolling and Matthews, [@B22]; Yaron et al., [@B38]; Fulsundar et al., [@B10]). Thus, the encapsulation of various signals in MVs plays an important role in microbial communications including QS and HGT, and increases effectiveness compared with diffusion-based interactions.

Association of vesicles in eukaryotic cells
===========================================

Whether MVs associate with a specific cellular surface remains unknown. In studies of eukaryotic intracellular vesicles, it has been shown that membrane-enveloped vesicles travel in between organelles in the cytoplasm, playing a role in transporting specific cargos to programmed locations via membrane fusion (Balch et al., [@B1]; Wilson et al., [@B37]; Sollner et al., [@B32]; Mcnew et al., [@B26]). In particular, a specific pairing between ligand and receptor allows vesicles to recognize the target compartment. In addition, the association between MVs and eukaryotic cells has been comprehensively studied in pathogenic bacteria, and MVs secreted from pathogens transfer virulent factors to cells (Parker et al., [@B28]; Chatterjee and Chaudhuri, [@B5]; Elmi et al., [@B8]; Rompikuntal et al., [@B31]; Bielaszewska et al., [@B4]). In particular, specific proteins localized on the surface of MVs increase the association with epithelial cells. For example, a heat-labile enterotoxin associated with MVs derived from enterotoxigenic *Escherichia coli* increases the association of MVs with cells (Kesty et al., [@B20]). The aminopeptidase of *P. aeruginosa* PaAP similarly increases the association of *P. aeruginosa* MVs with lung epithelial cells (Bauman and Kuehn, [@B2]). In addition, bacterial cytotoxin VacA increases the adhesion of MVs with cells, most likely by increasing the association of MV lipopolysaccharide with cells (Parker et al., [@B28]). Thus, MVs can contribute to the virulence of eukaryotic cells, but little is understood regarding whether such associations are promoted by specific interactions between a ligand and a receptor. Understanding the specific association of MVs with cells would enable the development of applications involving MVs as vehicles for cell-specific drug delivery (Gujrati et al., [@B12]).

Selective association between MVs and microbial cells
=====================================================

The association of MVs and microbial cells has been a subject of several studies on electric charge and hydrophobicity of cellular surfaces. The surfaces of bacterial cells are usually negatively charged and rich in divalent cations that stabilize surface charges such as Mg^2+^ or Ca^2+^. When freely floating MVs encounter bacterial cells, these divalent cations act as a bridge between the negative charged surfaces, and the adhesion of negatively charged MVs on a bacterial cellular surface is stabilized (Kadurugamuwa and Beveridge, [@B18]; Tashiro et al., [@B34]).

Hydrophobicity of a cellular surface is also an important factor for adhesion of MVs on bacterial cells. It has been shown that *P. aeruginosa* MVs can more easily attach to the hydrophilic surface of *Bacillus subtilis* than to other Gram-positive bacteria (Macdonald and Beveridge, [@B24]), indicating that liberated MVs from bacterial cells can selectively interact with bacterial cells. Nakao et al. developed a novel method to purify MVs derived from *Porphyromonas gingivalis* using epoxy-coated magnetic beads (Nakao et al., [@B27]) and the authors suggested that binding between MVs and epoxy beads is facilitated via a hydrophobic interaction.

In another report, MVs derived from *Myxococcus xanthus* adhered not only to the cells but also to MVs to form vesicle chains between cells (Remis et al., [@B29]). The detailed mechanism of the connection has not yet been elucidated, but it has been suggested that lipopolysaccharides (LPS) plays a role in MV-cell recognition because the distance between MVs and cellular surface was 5--10 nm, corresponding to the LPS.

Thus, MVs secreted from bacteria have characteristic surfaces and possess variable potential to attach to certain surfaces. Because specific proteins are selectively assimilated into MVs from bacterial cells, it is possible that the association of MVs with bacterial cells is a highly specific process based on a specific ligand-receptor interaction.

Transfer of MV interior substances to microbial cells
=====================================================

The importance of the contents of MVs has been exemplified by the critical role the transported material plays in the transfer of DNA (Figure [1C](#F1){ref-type="fig"}) (Dorward et al., [@B7]; Kolling and Matthews, [@B22]; Yaron et al., [@B38]; Klieve et al., [@B21]; Chiura et al., [@B6]; Gaudin et al., [@B11]; Fulsundar et al., [@B10]; Ho et al., [@B15]), bacterial lysis (Figure [1D](#F1){ref-type="fig"}) (Kadurugamuwa and Beveridge, [@B18], [@B19]; Kadurugamuwa et al., [@B16]; Li et al., [@B23]; Evans et al., [@B9]; Remis et al., [@B29]) and QS-regulated gene expression (Tashiro et al., [@B34]). It should be noted that membrane fusion does not always occur when interior substances in MVs are transferred to bacterial cells.

With regard to DNA transfer via MVs, the adhesion of MVs with bacterial cellular surface but not membrane fusion has been confirmed by transmission electron microscope observation in *E. coli* O157:H7 (Kolling and Matthews, [@B22]). Recently, however, it has been shown that MVs are integrated to recipient cells and DNA is transferred from *Acinetobacter baylyi* to *E. coli* and *A. baylyi* (Fulsundar et al., [@B10]).

Microbial predation using MVs occurs when virulent factors or peptidoglycan hydrolytic enzymes contained in MVs are transferred to other bacterial cells. It has been suggested that the mechanism of bacterial lysis via MVs secreted from Gram-negative bacteria differs in whether recipient cells are Gram-negative or positive. MVs derived from *P. aeruginosa* can attach to the surface of *E. coli* and *Staphylococcus aureus*, while they are able to fuse with *E. coli* but not *S. aureus* (Kadurugamuwa and Beveridge, [@B18]). The authors have suggested a possible mechanism described below. Because MVs have high curvature, negatively charged O-side chains of LPS are loosely packaged and they could form salt-bridging by cations such as Ca^2+^ and Mg^2+^, with bacterial surfaces on which such cations are rich. For the association of MVs with a Gram-positive bacterial surface, this event would break apart the high curvature of MVs, and thereby open MVs, resulting in the liberation of interior lytic enzymes and the digestion of the cell wall. This event would enable the transition of the content from MVs to cells, possibly through permeation of the cellular membrane without fusion. On the other hand, MVs fuse into outer membrane of Gram-negative bacteria because they possess a compatible bilayer surface. Thus, it is considered that selective MV integration with recipient cells occurs, but interior substances in MVs can be transferred to microbial cells even when MVs just adhere on the cellular surfaces.

Concluding remarks and perspectives
===================================

Therefore, MVs encapsulate signaling substances secreted from cells, protect these substances from environmental stresses and maintain these substances at high concentrations. In addition, signals associated with MVs are likely transferred to specific bacterial cells. Such signal transfer via MVs is considerably different from diffusion-based cell-to-cell communication (Figure [1B](#F1){ref-type="fig"}). The transfer of substances via MVs increases accuracy, swiftness and effectiveness of responses in combating predation, HGT and QS. Thus, cell-to-cell communications are comprised of not only a simple method based on diffusive substances but also very complicated aspects. Microbes intricately communicate through as-yet-unknown methods using MVs, thereby influencing interspecies networks, microbial community organization and ecosystem dynamics.
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